Adolescence is a time of dramatic physical, cognitive, emotional, and social changes as well as a time for the development of many social-emotional problems. These characteristics raise compelling questions about accompanying neural changes that are unique to this period of development. Here, we propose that studying adolescent-specific changes in face processing and its underlying neural circuitry provides an ideal model for addressing these questions. We also use this model to formulate new hypotheses. Specifically, pubertal hormones are likely to increase motivation to master new peer-oriented developmental tasks, which will in turn, instigate the emergence of new social/affective components of face processing. We also predict that pubertal hormones have a fundamental impact on the reorganization of neural circuitry supporting face processing and propose, in particular, that, the functional connectivity, or temporal synchrony, between regions of the face-processing network will change with the emergence of these new components of face processing in adolescence. Finally, we show how this approach will help reveal why adolescence may be a period of vulnerability in brain development and suggest how it could lead to prevention and intervention strategies that facilitate more adaptive functional interactions between regions within the broader social information processing network.
Introduction
Adolescence is a time of dramatic physical, cognitive, emotional, behavioral, and social changes. In the physical domain, pubertal hormones drive the development of secondary sex characteristics and the emergence of sexual dimorphism, particularly in overall body size and composition, but also in more subtle ways like in the physiognomy of the face (Farkas, 1988) . These hormones also launch sexually dimorphic trajectories in brain development and play a role in re-organizing cortical circuitry, particularly the circuitry that supports social behaviors relevant to mate selection and the act of mating (Sisk and Zehr, 2005) . In the social arena, adolescents are transitioning into more adult-like social roles that carry higher expectations about their independence and ability to control their own behavior (Dahl, 2004) . Peer relations take on new salience as adolescents evaluate and test loyalty and develop a new interest in romantic and sexual relationships (Brown, 2004) . Emotions become much more forceful, and learning to regulate them is a challenging developmental task (Dahl and Gunner, 2009; Forbes and Dahl, 2010) . Importantly, this period of rapid and complex change toward adult levels of social competence also represents an interval of vulnerability. That is, adolescence is a period during which we see the emergence of many social-emotional problems, including depression, anxiety disorders, bipolar disorder, and a broad range of problem behaviors that are strongly influenced by peer social contexts including risk-taking, alcohol and substance use, aggression, and violence (Gardner and Steinberg, 2005; see Steinberg, 2008) .
These characteristics of adolescence raise compelling questions about accompanying neural changes that are unique to this period of development, particularly in terms of the networks that process social information. For example, are there unique changes in brain-behavior correspondences during adolescence? Are such changes directly related to pubertal maturation? Are these changes sexually dimorphic? Do such changes occur specifically in neural networks that support social-information processing, or are they occurring throughout the brain? How are such developmental changes triggered and monitored and/or terminated?
In this paper, we propose that studying adolescentspecific changes in face processing and its underlying neural circuitry provides an ideal model for addressing these questions and for understanding adolescence as a unique and even vulnerable developmental period. We use this model to formulate new hypotheses about the functional consequences of social re-orientation toward peers during adolescence and the effects of gonadal hormones on behavior and brain function more generally. Specifically, we propose several new hypotheses, which are represented graphically in Fig. 1 .
We argue that the surge of steroidal hormones during the onset of puberty is likely to instigate and causally influence the behavioral and neural basis of face processing, and social information processing more generally, in adolescence (Hypothesis 1 -purple lines in Fig. 1 ). Specifically, adolescent gonadal hormones are likely to influence motivation to master new developmental tasks, such as developing confiding friendships and romantic relationships with peers. These developmental tasks will, in turn, instigate the emergence of new social/affective components of face processing (Hypothesis 2 -blue lines in Fig. 1 ). For example, we hypothesize that the peer-focused developmental tasks of adolescence will drive attributions and preferences for attractiveness in faces as well as biases in recognition memory for peer, or own-age, faces. Furthermore, we suggest that the increased computational demands of these additional social/affective components of face processing will require a re-organization within the existing face-processing system, which will be manifest as a transient disruption in existing face processing abilities, like identity recognition and emotional expression recognition.
We also predict that the gonadal hormones released during adolescence have a fundamental impact on the reorganization of neural circuitry supporting face processing (as well as social processing, more generally). Specifically, we do not expect to see entirely new neural regions emerge and become incorporated into the existing neural network. Instead, we predict that gonadal hormones will influence a shift in the balance among existing visuoperceptual, cognitive, social and affective neural regions supporting face processing (Hypothesis 3 -red lines in Fig. 1) . In other words, we hypothesize that the dynamical interactions A schematic representation of the dynamic changes that are predicted to initiate the emergence of new social and affective components of face processing in adolescence (i.e., fine-tuned attractiveness ratings and an own-age bias in identity recognition). In Hypothesis 1 (purple lines), we predict that the pubertal hormones that initiate the development of secondary sex characteristics and sexual dimorphisms in the structure of the face and brain are also are likely to influence motivation to master new developmental tasks, such as developing confiding friendships and romantic relationships with peers. This is manifest in the brain as a modulation in the functioning of limbic circuitry (particularly the amygdala), which induces dynamic changes in the functional organization of many neural circuits that interact with the amygdala, including the face processing system. These developmental tasks will in turn, drive the emergence of new social/affective components of face processing (Hypothesis 2 -blue lines). In other words, puberty induces adolescents to be socially and affectively motivated to encode new social information from faces that is related to these developmental tasks, such as the attractiveness, trustworthiness, competence, and social status of a face, particularly for peer-aged faces. Finally, in Hypothesis 3 (red lines), we argue that the dynamical interactions between neural face processing regions are fundamentally altered as a result of the surge of gonadal hormones and the resulting new task demands for face processing. Specifically, the functional/effective connectivity, or temporal synchrony, between regions of the face-processing network will change with the emergence of these new components of face processing in adolescence. This re-organization allows for new socially relevant information to be encoded from faces, leading to new components of face processing behavior. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.) between face processing regions are fundamentally altered as a result of the surge of gonadal hormones and the resulting new task demands for face processing. Specifically, the functional connectivity, or temporal synchrony, between regions of the face-processing network will change with the emergence of these new components of face processing in adolescence.
We begin by demonstrating how face processing is an ideal domain from which to launch an interdisciplinary investigation of developmental changes in the interactions between hormonal, behavioral, and neural, foundations of social-information processing that may be particularly unique to adolescence. Next, we lay out each of our novel hypotheses and review the existing empirical evidence that supports these hypotheses. Finally, we suggest a number of experimental paradigms and potential findings that could launch this approach to better understand the cascade of hormonal, behavioral, and neural interactions that enable more sophisticated social information processing in adolescence, but that may also make adolescence a particularly vulnerable period of development 2. Face processing as a model system in which to study key aspects of adolescent development 2.1. Faces are the pre-eminent social stimulus
In a matter of milliseconds, multiple kinds of information, such as identity, gender, age, and emotional state are seamlessly extracted from face structure, even as faces change dynamically as a function of expression and speech production and vary across many transformations (i.e., changes in lighting, viewpoint, context). Additionally, people use the structure of the face to form impressions about mate potential, social status, intentions, and personality traits, like trustworthiness, approachability, warmth, power, extraversion, aggressiveness, and competence (for review, see Todorov et al., 2008) . The social components of face processing have direct relevance in motivating adults' social behavior in terms of selecting mates (Cunningham et al., 1990; Rhodes et al., 2005) , motivating sexual behavior and same-sex alliances (Berscheid and Reis, 1998; Berscheid and Walster, 1974; Rhodes et al., 2005) , and eliciting personality attributions (Todorov et al., 2008) .
Faces are compelling stimuli to assay the neural basis of social-information processing
Faces have been used to evaluate the neurobiology of emotion (for review see Phillips et al., 2003a,b) , emotion expression processing (e.g., Blair et al., 1999; Phillips et al., 1998 Phillips et al., , 2001 ), social cognitive reasoning (Pinkham et al., 2008) , and the social perception of race (Kubota and Ito, 2007) . Face processing is disrupted in many social-emotional disorders (e.g., social anxiety disorder, schizophrenia, bipolar disorder, and autism spectrum disorders) and is a useful index of atypical neural organization of social-information processing (Evans et al., 2008; Kleinhans et al., 2008; Kucharska-Pietura et al., 2005; Marsh and Blair, 2008; Phillips et al., 2003a,b) .
The neural basis of face processing requires the integration of a widely distributed network, including a set of "core" and "extended" regions (see Fig. 2 ; Gobbini and Haxby, 2007; Haxby et al., 2000 Haxby et al., , 2002 that comprise a functionally connected network (Fairhall and Ishai, 2007; Ishai, 2008; Vuilleumier and Pourtois, 2007) . The core regions compute the visuoperceptual and more cognitive aspects face processing and are primarily located in the ventral temporal lobe. They include a lateral region in the inferior occipital cortex ["occipital face area" (OFA); Gauthier et al., 2000] , a lateral portion of the posterior fusiform gyrus ["fusiform face area" (FFA); Kanwisher et al., 1997] , and the posterior superior temporal sulcus (STS; Hoffman and Haxby, 2000) . Although these core regions are strongly implicated in supporting the visuoperceptual and cognitive analysis of faces, they also receive strong inputs from the extended regions, which are implicated in the more social and emotion aspects of face processing (Said et al., 2010 (Said et al., , 2011 . The extended face processing regions include the amygdala, insula, and medial prefrontal cortex, regions in the anterior paracingulate cortex, and the anterior temporal pole (Gobbini and Haxby, 2007) . These extended regions process more changeable aspects of faces, such as facial expressions and associating "person knowledge" with faces, including personal traits, attitudes, mental states, and intentions.
It is important to note that the specific functions ascribed to each region in the face-processing network are general characterizations, which are still contentiously debated (see Kanwisher, 2010; Nestor et al., 2011 ). An emerging perspective in the literature, and one that we hold, is that modulations in the interactions among the nodes in the network produce the seemingly independent components of face processing that have been previously ascribed to individual regions (see Nestor et al., 2011) .
Critically, the network of cortical and subcortical regions that support face processing overlap quite extensively with those supporting social information processing more generally (Brothers, 1990; Adolphs, 2001; Nelson et al., 2005; Frith, 2007; Blakemore, 2008) . This is especially evident when comparing the Gobbini and Haxby (2007) model of the core and extended face processing regions with the social information processing network (SIPN), a model of the "social brain." Fig. 2 shows both the SIPN and distributed face processing networks and highlights the overlapping regions. The SIPN describes three basic cortical and limbic networks that are implicated in the processing of social stimuli (Nelson et al., 2005) . The detection node serves to identify social properties of stimuli and includes posterior regions in the ventral temporal cortex (i.e., fusiform gyrus, inferior occipital cortex, superior temporal sulcus, and temporal poles). Note that the regions in this node, with the exception of the temporal poles, overlap with the "core" regions of Gobbini and Haxby's (2007) model of face processing (see Fig. 2 ). The affective node, which includes regions that code for approach and avoidance valence (i.e., amygdala, ventral striatum, hypothalamus), functions to imbue social stimuli with affective content and overlaps with the "emotion" face processing regions in the Gobbini and Haxby (2007) model. Importantly, the regions in the affective node are densely innervated by gonadal steroid receptors. Finally, the cognitive-regulatory node, which primarily includes prefrontal regions, regulates and directs the integrated social signal for the purposes of influencing current and future behavior. The overlap between this cognitiveregulatory node and the "person knowledge" regions in the Gobbini and Haxby (2007) model is limited to the overlap between the dorsomedial prefrontal cortex and the anterior paracingulate cortex; regions that are implicated in perceiving the mental state of others (Gallagher and Frith, 2003) . This comparison suggests that studying changes in face processing behavior and neural circuitry may serve strategically as a means for understanding changes in the neural networks that processing social information more broadly.
In sum, faces are the pre-eminent social signal from which human adults can form complex social attributions based on a 'quick and dirty' structural analysis of the face (i.e., under 50 ms). Face processing is subserved by a vast network of cortical and subcortical regions that overlap quite extensively with regions implicated in social information processing more generally. Together, these aspects of face processing indicate that it is an ideal model within which to investigate adolescent-specific neuromaturational development. Furthermore, we expect that this model will provide a unique opportunity to advance understanding of the functional consequences of pubertal hormones on behavior and brain function and structure during adolescence.
In the following sections, we present several novel predictions using this model and review the existing empirical evidence that reflects on the viability of each hypothesis.
Hypothesis 1: pubertal hormones launch changes in face processing
We argue that the surge of steroidal hormones during the onset of puberty is likely to instigate and causally influence the behavioral and neural basis of face processing, and social information processing more generally, in adolescence (see Fig. 1 ). To support this argument, we review evidence for the steroid-dependent sculpting of nervous system structure in early development, and subsequent remodeling and refinement of neural circuits by gonadal steroid hormones secreted in adolescence. Importantly, we also show that gonadal hormones specifically Fig. 2 . Schematic drawings of the social information processing network described by Nelson et al. (2005) and the distributed face-processing network summarized by Gobbini and Haxby (2007) . Note the similarity in functional organization of the two models, particularly between the detection node of the SIPN and the core face processing system as well as the affective node of the SIPN and the emotion component of the extended face processing network.
influence face processing behavior and its supporting neural circuitry.
Organizational and activational influences of pubertal hormones
Adolescence begins with the biological changes related to puberty, when the hypo-thalamic-pituitary-gonadal axis becomes activated (for detailed overview of pubertal development, see Buck Louis et al., 2008) . The hypothalamus begins pulsing gonadotrophin-releasing hormone, which stimulates the pituitary to release luteinizing hormone (LH) and follicle stimulating hormone (FSH) into the blood. These hormones activate the gonads, which leads to a sharp increase in estrogen in females and testosterone in males. The rising level of estrogen causes breast development and the onset of menstruation in the female and the rising levels of testosterone lead to phallic growth, increased muscle mass, and voice changes in the male. This process exhibits sexually dimorphic developmental trajectories in that it usually begins between the ages of 8 and 14 (mean age of 11) in human females and between ages 9 and 15 in human males (mean age 12). In addition to the HPGA activation, hormones released by the adrenal gland, including DHEA and DHEAS, surge during adolescence. These hormones begin to rise by 6-9 years of age, but continue to increase throughout adolescence and typically peak in the early 20 s. These adrenal hormones are often considered "weak" versions of the sex hormones, but they bind to different receptors in the body, and they contribute to adolescent changes in skin (e.g., acne) and the development of pubic and axillary hair.
Despite the potentially unique and powerful influence of puberty on development, very little is known about the relation between gonadal hormones and neural or behavioral development in humans. There is, however, a large animal literature (primarily in rodents), which suggests that the elevated secretion of gonadal steroid hormones at puberty has a great impact on the remodeling of cortical and limbic neural circuits and behavior, particularly social behaviors related to mating and reproduction (Sisk and Foster, 2004; Sisk and Zehr, 2005; Schulz and Sisk, 2006) . In the animal literature, organizational and activational effects of gonadal hormonal steroids on the nervous system and behavior are well documented (for review, see Romeo, 2003) .
Organizational effects reflect the steroid-dependent sculpting of nervous system structure that occurs during sensitive periods of prenatal and early neonatal development in non-human primates and rodents (for review, see Wallen and Baum, 2002) . These effects are permanent in that they persist beyond the period of developmental exposure to the hormone, are asymmetric relative to the sexes, and set the stage for subsequent responses to hormones in puberty and adulthood that activate behaviors (Sisk and Zehr, 2005; Schulz and Sisk, 2006; see Fig. 3 ). However, researchers have begun to identify a second phase of organizational molding of the brain that is triggered by gonadal steroid hormones secreted at puberty (Sisk et al., 2003; Fig. 3 . Two-stage model of social behavior development. Perinatal hormone secretions sexually differentiate behavioral neural circuits and pubertal hormone secretions refine and "finish" these processes during adolescence to allow for the display of sex-typical social behavioral in adulthood. Figure taken from Schulz and Sisk (2006) . Schulz et al., 2009) . The gonadal steroid hormones secreted in adolescence remodel and refine neural circuits (via neurogenesis, apoptosis, growth of axonal projections and axon sprouting, myelination, synaptogenesis, and synapse elimination) to implement long-lasting structural changes in gross morphology and synaptic organization (for review see Sisk and Zehr, 2005) . In particular, this second organizational phase of brain development builds on and refines circuits that were initially sexually differentiated during early neural development (Schulz et al., 2009 ). For example, gonadal steroids influence the addition of new cells, including neurons, during puberty that function to maintain and accentuate sexual dimorphisms in the adult brain, like in the medial amygdala, which is larger in male rats (Ahmed et al., 2008) .
Organizational and activational effects of pubertal hormones on face processing in humans
There is compelling evidence that face processing behavior and its underlying neural circuitry are influenced by organizational and activational effects of hormones. First, face-processing behavior is sexually dimorphic. Many studies have reported superior face recognition abilities (Lewin and Herlitz, 2002; Lewin et al., 2001; Herlitz and Yonker, 2002; Rehnman and Herlitz, 2007) as well as superior expression identification (Hampson et al., 2006) in women compared to men. Consistent with these behavioral findings, several studies have reported sex differences in cerebral activation during face processing tasks, which converge on the finding that men tend to be more right lateralized than women (Bourne, 2005; Fiori et al., 2001; Godard and Fiori, 2010; Proverbio et al., 2006) . Importantly, these sex differences in face processing do not emerge in adulthood; they are present in infants and children (Cross et al., 1971; Ellis et al., 1973; Feinman and Entwisle, 1976; McClure, 2000; Rehnman and Herlitz, 2006; Temple and Cornish, 1993) . This is important when thinking about the potential role of pubertal hormones in re-organizing face processing behavior and neural circuitry in adolescence since this second organizational phase of brain development builds on and refines circuits that were initially sexually differentiated during early neural development (Schulz et al., 2009 ). The findings that sexual dimorphisms exist in face processing behavior across all ages tested, including infants, and in patterns of brain activation in adults provide a strong foundation for arguing that sex hormones play a critical role in the development of this essential component of social information processing.
Second, in populations with neuroendocrine disorders, face processing behavior and neural circuitry is disrupted. For example, women with Turner's syndrome have pervasive face processing deficits and atypical patterns of brain activation during face processing tasks (Lawrence et al., 2003a,b ). Turner's syndrome (TS; Turner, 1938) is a genetic disorder in women in which all or part of one X-chromosome is deleted. As a result, TS women are hypogonadal and, therefore, lack the ability to produce estrogen. This syndrome provides the opportunity to study development in the absence of estrogen (or in terms of limited estrogen exposure since many TS women are treated with estrogen replacement therapy). Skuse and colleagues have reported impaired recognition for both famous and unfamiliar faces and impaired classification of facial expressions, particularly for fear and anger, in TS compared to age-matched control women (Lawrence et al., 2003a,b) . Also, TS women are impaired at using the eye region to derive information about emotional state and the mental state/disposition of a person (e.g., shy, anxious, hostile; Lawrence et al., 2003a,b) . This pattern of behavioral findings appears to implicate atypical functioning of the amygdala, which is rich in hormone receptors. In fact, TS women exhibit enhanced activation in the right amygdala to fearful faces and less fear-modulated functional connectivity between the amygdala and fusiform gyrus compared to control women (Skuse et al., 2005) . In considering the pattern of findings across these studies, the authors suggest that faces carry atypical emotional salience for TS women, which may be due to abnormal amygdala function and may affect the way face representations are learned. This set of findings provides evidence for an influential role of hormones, particularly estrogen, on the early organization of brain systems supporting face processing and socialinformation processing more generally, and particularly the amygdala and fusiform gyrus.
Third, in adults, natural modulations in hormones influence face-processing behavior and its underlying neural circuitry. During the follicular phase of the menstrual cycle when estrogen levels peak and women are most fertile, women's preferences for symmetry (Little et al., 2007) and sexual dimorphism in male faces (i.e., masculine facial traits) (Johnston et al., 2001; Penton-Voak et al., 1999 ) is highest. These hormone-behavior relations in women are also reflected in patterns of brain activation (Rupp et al., 2009a,b) and can be altered via dosing of exogenous testosterone (Van Wingen et al., 2010) . There are also naturally occurring variations in intrinsic levels of testosterone in men that influence face preferences. For example, Welling and colleagues found a positive association between levels of salivary testosterone and preferences for femininity in women's faces (Welling et al., 2008) . Endogenous levels of testosterone in men are also associated with the responsively of the amygdala during facial expression tasks in men (Stanton et al., 2009) .
Note that in all the previously described studies, "preferences" in both men and women were derived from the physical structure of a face presented in a static image. The structural analysis of an individual face necessarily invokes the core regions of the broader face processing system. Also, the transient changes in estrogen and progesterone in women and testosterone in men that have been linked to changes in face processing behavior and patterns of brain activation are minute compared to the surge of estrogen and testosterone that occurs during pubescence. Therefore, these findings of subtle hormonal modulations on the structural analysis of faces in men and women lead to a clear hypothesis that the influx of gonadal hormones during puberty is likely to have a prominent and potentially long-term impact on face processing behavior and neural activation in adolescence. We argue that this effect is manifest in two ways. First, by motivating adolescents to master new developmental tasks related to developing confiding friendships and romantic relationships with peers and, second by instigating a large-scale re-modeling of the interactions among the neural circuitry supporting social information processing (see Fig. 1 ).
Hypothesis 2: developmental tasks in adolescence instigate new components of face processing
In the social and emotional domains, adolescents evince a dramatic reorientation away from parents and toward peers that enhances the primacy of peer interactions. With this dramatic social reorientation emerges an unprecedented drive for acceptance by social peers and hypersensitivity to peer evaluation. Adolescent peer relationships are more elaborate than friendships at any earlier developmental period (for review see Brown, 2004) . Peers become a critical source of social support (Brown et al., 1986; Brown and Klute, 2006) as well as the focus of new romantic and sexual interests (see Collins et al., 2009) . Adolescents' emotional responses to social stimuli are intensified and are modulated by social contexts involving peers. For example, in the presence of peers, adolescents are more prone to erratic and emotionally influenced behavior, even as they are achieving adult-like competence in many cognitive abilities (Dahl and Spear, 2004) .
This social reorientation supports the emergence of social competence and high-quality friendships with peers, two developmental tasks that foreshadow the quality of adult relationships (Capaldi et al., 2001) . Developmental tasks are salient tasks by which adaptation to life can be judged (Havighurst, 1972; Masten et al., 1995) . They are specific to a developmental period and success in mastering these tasks in one ontogenetic period is probabilistically associated with mastery on subsequent developmental tasks in later developmental periods (Roisman et al., 2004) . For example, social competence with peers in late adolescence/early adulthood predicts work and romantic competence in young adulthood (Roisman et al., 2004) .
In adolescence, there are important social developmental tasks, including acquiring freedom from parental figures, forming confiding friendships with peers, and beginning to form age-appropriate romantic relationships. These tasks lead adolescents to evince a dramatic reorientation away from parents and toward peers and enhance the primacy of peer interactions.
We suggest that with the onset of puberty (and, thus, the surge of gonadal hormones), these new developmental tasks and social reorientation toward peers influence the kinds of information that adolescents acquire from faces. In other words, puberty induces adolescents to be socially and affectively motivated to encode new social information from faces that is related to these developmental tasks, such as the attractiveness, trustworthiness, competence, and social status of a face, particularly for peer-aged faces. Importantly, these emerging components of face processing may actually index new competencies in social information processing more generally (see Fig. 1 ).
This hypothesis draws from Dynamic Systems (DS) theories of developmental change (e.g., Smith and Thelen, 2003; Thelen and Smith, 1994; Smith, 2005; Van Geert, 1994) . In our view, face-processing abilities go through periods of relative stability and instability as development proceeds and environmental demands induce new developmental tasks. Thus, face-processing abilities selforganize as developmental tasks change. In DS theories, self-organization is a process through which higher-order components of development emerge through recursive interactions from simpler components to spontaneously induce new developmental outcomes. Lewis (2000) articulated several characteristics of self-organizing systems in DS theories. First, they permit true novelty in developmental outcomes. Second, new outcomes emerge during periods of phase transitions; points of instability in the system when old patterns break down and new ones appear. Third, these transitions are global and abrupt, indicating that new outcomes require the cooperation of all existing system components and that they appear discontinuously. As a result, small effects can strongly influence development during these transition phases. Finally, selforganizing systems are exquisitely sensitive to aspects of their environments because of their propensity for feedback and coupling with other systems. It is with these principles in mind that we argue that adolescent-specific developmental tasks instigate a period of relative instability in the existing face processing system that develops in pre-pubertal children. Importantly, this instability leads to abrupt change and re-organization to accommodate the new task demands and, thus, new components of face processing. In this way, the dynamics of face processing abilities are embedded in the dynamics of broader developmental tasks/demands.
A strong empirical evaluation of our hypothesis will require large-scale cross-sectional and longitudinal studies of multiple aspects of face processing behavior from childhood through early adulthood. While this work is currently non-existent, there are some promising results indicating that social components of face processing related to the developmental tasks of adolescence are emerging and becoming much more fine-tuned during adolescence. We review this evidence below.
Developmental changes in attractiveness ratings of faces
We argue that the new motivation to develop romantic relationships in adolescence will dramatically influence adolescents' ability to encode and rate attractiveness (or mate potential) from the structure of a face and that this ability will track with the progression of puberty. While there is very little work evaluating any social components of face processing (e.g., attractiveness, trustworthiness, status, competence) in children and adolescents, there is some evidence to support our claim, which indicates that adult-like processing of attractiveness in faces becomes more fine-tuned, stronger, and more consistent during adolescence.
In adults, averageness, symmetry, and sexual dimorphism influence judgments of facial attractiveness (for review see Rhodes, 2006) . For example, adults rate faces in which the features occupy average locations on the face with respect to the norm or prototype as more attractive (Geldart et al., 1999) . Twelve-year-olds, but not 9-yearolds, also show this sensitivity when making judgments about attractiveness (Cooper et al., 2006) . This finding represents a fine-tuning in the perception of attractiveness from late childhood to early adolescence. Both 12-and 9-year-olds find faces with high features (small forehead, large chin) to be less attractive than those with average features; however, 9-year-olds rate faces with low features (high forehead, small chin) and average features to be equally attractive. Twelve-year-olds, like adults, find faces with average features to be the most attractive. In another study, the direction and strength of children's, adolescents', and adults' attractiveness ratings for faces were evaluated (Kissler and Bäuml, 2000) . Interestingly, when rating adult women's faces, all three age groups were indistinguishable in the direction and strength of their attractiveness ratings. However, when rating peer faces, children's and adolescents' ratings were less discriminating and weaker than were those of the adults, indicating that there may be a transition in the qualitative nature of the attractiveness ratings, particularly for peer faces, in adolescence. Finally, the consistency in attractiveness ratings across individuals increases from ages 5 to 8 (Cavior and Lombardi, 1973) and from preadolescence to adolescence (Saxton et al., 2006) . Together, these findings suggest that the ability to encode and process facial attractiveness becomes more specific and more consistent across individuals during the transition from late childhood to early adolescence when pubertal hormones are increasing dramatically. This is not to say that infants and children show no ability to encode or rate attractiveness from the structure of a face. In fact, there is some evidence that infants discriminate between faces that adults report as attractive versus unattractive (Langlois et al., 1987; Samuels and Ewy, 1985) . However, more recent studies have suggested that infants' discriminations reflect novelty detection rather than aesthetic preferences and that averageness and symmetry do not influence infants' face preferences in they same way they do adults' (Rhodes et al., 2002) . Instead, we argue that there are measurable quantitative and qualitative changes in the ability to encode attractiveness from the structure of a face in adolescence and that these changes are likely to be closely related to the developmental progression of puberty, an indication of the levels of intrinsic gonadal hormones.
Only one study, to our knowledge, has linked this developmental transition in attractiveness ratings to pubertal development in adolescents. Saxton and colleagues tested the facial attractiveness ratings of over 300 adolescents aged 11 to 15 on facial stimuli of age-matched individuals (Saxton et al., 2009 ). Younger adolescents (approximately age 11) were less sensitive to averageness, femininity, and symmetry when making judgments of male faces than were older adolescents (approximately 13 years). They were also less sensitive to averageness, but not femininity or symmetry, when judging female faces. Among boys, increased pubertal development (when controlling for age) corresponded to a lower proportion of feminized male faces selected as more attractive. The authors did not observe any relation between pubertal status and sensitivity to averageness, femininity, or symmetry when judging either male or female faces in the adolescent girls after controlling for age. In sum, these findings indicate that sensitivity to the dimensions that affect adults' judgments of facial attractiveness increases specifically during adolescence and with more advanced pubertal status, particularly in boys, when adolescents judge age-matched peer faces.
Although adolescents may be more motivated to encode the attractiveness of peer faces as a result of their emerging developmental tasks, this may be an especially difficult process given that their own faces undergo important and dramatic biological changes with puberty; they become more sexually dimorphic (Enlow, 1990; Enlow and Hans, 1996; Farkas, 1988) . Males develop more prominent jaws, cheekbones, brow ridges, and facial hair. Females develop fuller lips. Adolescents' own faces are changing, as are the faces of their peers. This may require them to consistently update their cognitive representations of individual peer faces and of face averages. So, in addition to increasing in specificity for attractiveness, adolescents' representations of face identity may be changing dramatically as well. This leads to our second hypothesis about how social reorientation in adolescence affects new components of face processing.
Emergence of an own-age bias in face recognition
We argue that the ability to recognize individual peer faces improves dramatically in adolescence, due to the social reorientation toward peers, which leads to the emergence of an own-age bias in face processing (i.e., superior recognition abilities for own-and compared to other-age faces). Several studies have reported an own-age bias in face recognition in adults (Anastasi and Rhodes, 2006; Bäckman, 1991; Fulton and Bartlett, 1991; Perfect and Moon, 2003; Wright and Stroud, 2002) . In other words, across several different kinds of face processing tasks with unfamiliar faces (e.g., identifying a perpetrator from a lineup following observation of a video crime scene, old/new recognition tasks), adults seem to exhibit better recognition for faces within their own age group compared to both younger and older faces.
Importantly, there is very little consistency in the pattern of results with children and adolescents. This may be due to limitations in the experimental protocols. To our knowledge, only two developmental studies evaluated recognition memory skills for same-age peer faces in children and adults. In support of our hypotheses, both of these studies failed to find a strong own-age bias in preadolescent children. For example, Chung (1997) tested 7-12-year-old children and adults in a recognition memory task with faces from both age groups and only found evidence for an ownage bias in the adults. There was no own-age bias in the children's recognition memory performance.
Similarly, Anastasi and Rhodes (2005) tested children (ages 5-8 years) and older adults (ages 55-89 years) in an old/new recognition memory task for faces from four different age groups (5-8 years, 18-25 years, 35-45 years, and 55-75 years). In the learning phase of the experiment, participants had to categorize the faces into one of these four age groups. In the subsequent recognition task where participants had to individuate the faces, the children exhibited no clear own-age bias. Instead, they showed superior recognition performance for both peer and older adult faces compared to recognition of young adult faces. In contrast, the older adults exhibited a strong own-age bias in their accuracy to recognize the oldest faces compared to all other age groups. These findings indicate that the own-age bias in preadolescent children is much less robust than in adults, and there are no data tracking the developmental progression of such a bias across adolescence. We predict that an own-age bias in face recognition does not emerge until social re-orienting begins in early adolescence (which could be measured as a relative change in proportion of time spent with parents to that spent with peers) and may not stabilize until early adulthood when the physical changes in face physiognomy, initiated by pubertal hormones, have stabilized.
Although there is very little work that speaks to this prediction, future studies evaluating adolescent-specific changes in these social components of face processing (e.g., attractiveness, trustworthiness, status, competence) and in the own-age bias may provide a unique opportunity to understand how developmental tasks influence the emergence of qualitatively new kinds of social-information processing and, furthermore, how the adolescent brain re-organizes to accommodate these changes. Importantly, these changes in face processing and functional organization of the underlying neural circuitry should also be related to various measures of hormonal changes as well (e.g., hormonal assay, Tanner staging).
Functional consequences of accommodating new components of face processing
Another prediction from our new model of adolescentspecific changes in social-information processing (see Fig. 1 ) is that the increased computational demands of the new social/affective components of face processing that emerge as a result of adolescent-specific developmental tasks will require a re-organization within the existing face-processing system. Again, drawing on DS theories of developmental change, we suggest that this re-organization will be manifest behaviorally initially as a disruption in existing face processing abilities, like identity recognition and emotional expression recognition, to accommodate the new task demands of face processing in adolescence. Next, we review the evidence suggesting a long developmental trajectory for face processing abilities that does appear to be disrupted in early adolescence.
There is a wealth of data suggesting that face-processing abilities continue to develop through and beyond adolescence. Although infants have early proclivities for face processing (e.g., De Haan and Nelson, 1999; Farroni et al., 2005; Johnson, 2005) and even very young children exhibit some of the behavioral markers of adult-like face processing (e.g., Crookes and McKone, 2009) , studies investigating face processing abilities of older children and adolescents suggest that both emotional expression recognition and identity recognition abilities develop long into adolescence. Surprisingly, explicit recognition of emotional expressions emerges slowly during childhood and may even be delayed compared to recognition of the verbal labels for the expressions (Camaras and Allison, 1985) . Explicit memory for emotional expressions improves from late childhood through adolescence , particularly for fear, anger, and disgust (Herba and Phillips, 2004; Herba et al., 2006; Thomas et al., 2007) . Also, the ability to match a visual image of a facial expression with a verbal label for the expression develops into early adolescence, particularly for the expressions of fear, disgust, and anger (Durand et al., 2007) . Furthermore, it is not until middle childhood that individuals become fairly accurate at identifying conflicting or mixed emotional expressions and understanding display rules (Brown and Dunn, 1996) .
Similarly, the ability to recognize face identity follows a delayed developmental trajectory even beyond adolescence (Carey and Diamond, 1977; Carey et al., 1980; Diamond et al., 1983; Ellis et al., 1973; Flin, 1985; Mondloch et al., 2004; O'Hearn et al., 2010) . Importantly, these results have been reported across a wide range of recognition tasks. For example, using an old/new recognition memory paradigm, Carey and Diamond (1977) provided some of the first evidence that children continue to show large improvements in their abilities to recognize unfamiliar faces until 12 years of age. Importantly, these results were contrasted with adult-like performance in unfamiliar house (Carey and Diamond, 1977) and shoe (Teunisse and de Gelder, 2003) recognition and in other visuospatial tasks (e.g., Embedded Figures Task; Diamond et al., 1983) in early childhood and adolescence.
In a series of tasks requiring same/different judgments, Maurer and colleagues showed that children's (i.e., 8-yearolds) abilities to discriminate the identity of two faces is not as sensitive as are adults', particularly when the faces differ in configural properties Mondloch et al., 2002) . In a more recent paper using a sequentialmatching version of the same task, these researchers found that even 10-year-old children are not as sensitive as are adults in their abilities to discriminate facial identity even when the faces only differ in the shape of the features, but not the spacing among the features (Mondloch et al., 2010) . Golarai et al. (2010) tested adolescents (ages 12-16 years) and young adults in an old/new recognition memory paradigm for faces, scenes, and objects as well as in the Benton Facial Recognition task. Adolescents were consistently less accurate than were adults in the face, but not in the scenes or the object, recognition memory tasks.
Very recently, several groups have investigated developmental changes in face recognition abilities across a much more extensive age range from childhood through early and later adulthood. O'Hearn et al. (2010) studied face recognition abilities in both typically developing children (ages 9-12 years), adolescents (ages 13-17), and young adults (ages 18-29 years) as well as in those with autism using the Cambridge Face Memory Task (CFMT). They reported dramatic improvements in face recognition performance across the entire age range in the typically developing individuals. Similarly, Germine et al. (2011) tested identity recognition abilities using the CFMT in more than 60,000 participants ranging in age from 10 to 70 years. Across a series of three experiments, they consistently found that the peak age of performance for face recognition was approximately 30 years of age, which was contrasted with a peak age of performance of 23 years for inverted face and word recognition.
Of greatest relevance for the current paper, there is evidence that the developmental trajectory of face expression and identity recognition abilities is actually temporarily disrupted during adolescence, especially during puberty (Carey et al., 1980; Diamond and Carey, 1986; Diamond et al., 1983; Flin, 1980) . In a study of 210 children and adolescents (8-16 years), Diamond and colleagues identified a stasis in face identity recognition, with an actual decline in performance at age 12 (Diamond et al., 1983) . In two follow-up studies, they evaluated the contribution of pubertal status to performance differences on the same face identity task in more than 200 girls ages 10-14 years. They measured pubertal status with height/weight ratios and with Tanner staging. The height/weight ratio indexes the drop in proportion of body weight that is lean (i.e., increase in percent body fat) that occurs in adolescence and can accurately predict the age at menarche. Tanner staging requires a physical examination and rates the degree of pubic hair and breast development in girls. Across both studies, the authors found that girls in the midst of pubertal change make more errors in the face identity task than do pre-or post-pubescent girls (Diamond et al., 1983) . They argued that this temporary developmental disruption appears to be specific to faces since performance on another visuospatial task, the Embedded Figures Task, was not related to pubertal status.
More recently, a large-scale study of approximately 500 participants ages 6-16 years found a similar developmental trajectory and plateau in adolescence (Lawrence et al., 2008) . Lawrence et al. (2008) reported a linear improvement in face recognition skills (as assessed using the Warrington Recognition Memory for Faces test) from ages 6 to 10 years, followed by a plateau in performance from ages 10 to 13 years, and later by additional improvement from ages 13 to 16 years. In this same study, performance on emotion classification tasks correlated with face recognition performance across the age range.
There is also evidence that some aspects of emotion expression processing abilities are disrupted during adolescence. McGivern et al. (2002) found a developmental disruption (slowing reaction time) in expression recognition during the approximate ages of the onset of puberty (11-12 years) in a task in which participants made a yes/no decision about the emotion expressed in a face, a word, or a face/word combination. Emotion expression recognition improved from 13 to 14 years of age and stabilized by the age of 15. These results are very consistent with the timing of the disruption in unfamiliar face recognition originally reported by Carey and colleagues (Carey and Diamond, 1977; Diamond et al., 1983) and Lawrence et al. (2008) .
Carey and colleagues suggested that this adolescentspecific disruption in face processing skills may be directly related to pubertal changes via hormonal changes that influence the neural substrate for face processing. Recent developmental neuroimaging findings support the notion that the neural substrate for face processing emerges slowly over the course of childhood and adolescence, and does not reach mature levels until early adulthood. However, the contribution of hormonal changes to this late-developing neural circuitry has yet to be investigated, which we will discuss in the final section of the paper.
Hypothesis 3: re-organization of the neural circuitry supporting face processing during adolescence
In our model, we predict that the gonadal hormones released during adolescence have a fundamental impact on the re-organization of neural circuitry supporting face processing. Specifically, we predict that gonadal hormones will influence a shift in the balance among existing visuoperceptual, cognitive, social and affective neural regions supporting face processing. In other words, we hypothesize that the dynamical interactions between face processing regions are fundamentally altered as a result of the surge of gonadal hormones and the resulting new task demands for face processing. Specifically, the functional/effective connectivity, or temporal synchrony, between regions of the face-processing network will change with the emergence of these new components of face processing in adolescence (see Fig. 1 ).
In this section, we review the evidence indicating that regions within the face processing system are undergoing both structural and functional development through, and even beyond, adolescence. Of particular relevance to our hypotheses, there are only a small number of studies investigating functional connectivity within the face-processing system with a focus on adolescence. However, the scant evidence suggests that it is likely that the functional relation between the core and extended regions is changing, as are the structural connections among these regions in adolescence.
Structural changes to the face processing network in adolescence
Recall that gonadal steroid hormones secreted in adolescence remodel and refine neural circuits to implement long-lasting structural changes in gross morphology and synaptic organization (for review, see Sisk and Zehr, 2005) . Therefore, evidence that regions in the face processing system (as well as the connections between these regions) are undergoing important structural change during adolescence supports our prediction that gonadal hormones secreted in adolescence could physically remodel and refine the neural circuits of social information processing in fundamental ways.
There is a wealth of evidence showing that regions in all of the face-processing/SIPN nodes exhibit impressive structural changes in adolescence and that the developmental trajectories of these regions are often sexually dimorphic. The presence of sexual dimorphisms suggests that the gonadal steroidal hormones released during neonatal development and then again during puberty directly affect brain development, a notion that has been well researched in the animal literature (for review see Sisk and Zehr, 2005) .
Although some of these sexual dimorphisms are present in the neonatal brain (Gilmore et al., 2007) , many of the sex differences in brain structure emerge in early adolescence (Giedd and Lenroot, 2006; Goldstein et al., 1999; Sowell et al., 1999) and become more divergent as males and females approach adulthood (see Lenroot and Giedd, 2010) .
Interestingly, even the SIPN detection node exhibits a slow developmental trajectory in that it peaks in total grey matter volume in late adolescence (age 16; Giedd et al., 1999) . Also, there is sexual dimorphism in the detection node in the size (grey matter volume) of the left fusiform gyrus and right temporal pole (Witte et al., 2010) . Within the SIPN affective node, subcortical structures exhibit agerelated sexually dimorphic developmental changes in grey matter (GM) volume. Regionally, the basal ganglia and limbic structures show the most consistent morphological sex differences in adolescence. In particular, the caudate nucleus and hippocampus are proportionally larger in adolescent females, whereas the amygdala is proportionally larger in males (for review, see Lenroot and Giedd, 2010) . This is especially interesting given that the amygdala is dense with estrogen and androgen receptors whereas the hippocampus is dense with estrogen receptors. Finally, in the SIPN cognitive regulatory node, the GM volume in the entire frontal lobe appears to peak in early adolescence, with girls exhibiting a peak at age 11 and boys exhibiting a peak a bit later at age 12 (Giedd et al., 1999) . More specifically, cortical thickness in the dorsomedial prefrontal cortex and the anterior paracingulate regions of the SIPN and face processing models that have been the focus of this paper peak between the ages of 11 and 12 years (Shaw et al., 2008) . Interestingly, the magnitude of some of these regional differences in adults, particularly in anterior temporal (detection) regions, is correlated with levels of circulating sex hormones (Witte et al., 2010) . Importantly, since the SIPN functions as a distributed network, developmental changes in the structure of one node are likely to influence the interactive dynamics among nodes, which can lead to a functional re-organization of the entire network.
Critically, there is emerging evidence in human adolescents suggesting a direct impact of steroid hormones on the organization of the developing brain, particularly in the regions described in the face processing and SIPN networks. For example, sexually dimorphic amygdala and hippocampal volumes (part of the affective node) in 8-15-year-old girls and boys are related to pubertal development as well as to circulating levels of sex hormones (Neufang et al., 2009 ). More specifically, in both sexes, GM volume in the amygdala decreases with more advanced stages of puberty and higher testosterone levels, whereas GM volume in the hippocampus increases with more advanced stages of puberty and testosterone levels. Also, in girls, GM volumes in the medial temporal lobe (part of the detection node) are positively related to estrogen levels. Similarly, in a slightly older sample of 10-15 year old girls, circulating estradiol levels were related to GM volume in the right middle frontal gyrus (cognitive detection node) as well as inferior temporal and middle occipital gyri (detection node) (Peper et al., 2009 ).
In addition to affecting the development of individual regions within the SIPN, sex hormones, and testosterone in particular, influence the integrity of the white matter (WM) tracts connecting these regions. In a longitudinal study, Chura and colleagues found a relation between prenatal testosterone exposure (measured in utero) and subsequent rightward asymmetry in a posterior subsection of the corpus callosum, which projects mainly to parietal and superior temporal areas (detection node), in young adolescent boys (mean age 9.5; Chura et al., 2010) . In two studies with adolescent girls and boys (ages 12-18), age-related increases in WM volume throughout the brain were much stronger in boys than in girls, suggesting sexual dimorphism in WM growth during adolescence (Perrin et al., 2008 (Perrin et al., , 2009 . Finally, in the boys there was a positive association between this global WM volume and circulating testosterone levels (Perrin et al., 2008) and between pubertal stage and WM volume separately in the frontal, parietal, temporal, and occipital lobes (Perrin et al., 2009) .
In sum, many of the regions (as well as the connections between these regions) implicated in social information processing as spelled out in the SIPN model and in face processing, more specifically, are undergoing important structural changes in adolescence. Critically, many of these developmental changes exhibit sexual dimorphism, which is an indication of the influence of both organizational and activational effects of gonadal hormones on these regions. Evidence of these activational effects is just beginning to be shown, particularly in the amygdala and medial temporal lobes (extended face processing regions and detection and affective nodes in the SIPN). Although very little is known in general about how to relate changes in brain structure to changes in brain function and/or behavior, these findings lend evidence to support our hypotheses that pubertal hormones influence (and may instigate) important changes in the neural circuitry supporting social information and face processing.
Functional changes to the face processing network in adolescence
In addition to adolescent-specific changes in the structural regions and connections between regions in the SIPN and face processing networks, developmental brain imaging studies also converge on the finding that adolescence is critical for the functional development of the core face processing regions and the functional interactions between them. For example, several fMRI studies indicate that children younger than 8 years of age, as a group, do not consistently activate the FFA (see Fig. 4 ) and that FFA activation continues to mature through adolescence (Aylward et al., 2005; Gathers et al., 2004; Golarai et al., 2007 Golarai et al., , 2010 Joseph et al., 2010; Passarotti et al., 2003 Passarotti et al., , 2007 Peelen et al., 2009; Scherf et al., 2007) . In one recent fMRI experiment conducted with children (ages 5-8), adolescents (ages 11-14), and adults (ages 20-23), participants viewed naturalistic, real-time movies of unfamiliar faces, buildings, navigation through open fields, and objects in a blocked fMRI paradigm (Scherf et al., 2007) . Scherf and colleagues found adult-like face-related activation in the right, but not left, hemisphere core face-processing regions Fig. 4 . Topography of face-, place-, and object-related regions in separate groups of children, adolescents, and adults projected onto a representative inflated brain. All three age groups exhibit indistinguishable topography for the place-and object-related regions. Only adults and adolescents exhibited consistent activation in the core face processing regions of the right hemisphere (FFA, OFA, STS). Only adults exhibited activation in these same core face processing regions in the left hemisphere. Neither children nor adolescents exhibited the same patterns of activation in the extended regions of the face processing network (anterior temporal lobes and prefrontal regions). Taken from Scherf et al. (2007). (OFA, FFA, STS) in adolescents (see Fig. 4 ). There was no group-level face-related activation in the right or left hemisphere for the children. Importantly, when the regions were identified within each individual participant, there was a linear relation between the size/volume of the faceprocessing regions and age. This result has been replicated and extended in other recent studies (Golarai et al., 2007 (Golarai et al., , 2010 Scherf et al., 2011) , indicating that the core face processing regions continue to exhibit ongoing development in adolescence. Interestingly, in contrast to the volume, the magnitude of selectivity within these regions appears to be more adult-like earlier in development (Cantlon et al., 2011; Pelphrey et al., 2009) , particularly when the regions are identified in each participant individually (Scherf et al., 2007 (Scherf et al., , 2011 .
In addition to the growing size of the core faceprocessing regions, the nature of the computations within these regions appears to be changing in adolescence as well. In a follow-up study, Scherf et al. (2011) investigated whether the nature of the representations that adolescents compute for individual faces within the FFA are similarly fine-grained as are adults'. They used an fMRI-adaptation paradigm to evaluate the nature of the face representations being computed in the fusiform gyrus in children, adolescents, and adults. The fMRI-adaptation paradigm (Grill-Spector and Malach, 2001 ) exploits the fact that repeated presentations of the same stimulus leads to a reduction in the magnitude of the BOLD response compared with consecutive presentations of different stimuli. Scherf and colleagues presented participants with blocks of different and identical faces and houses, and measured the degree of face-or house-specific adaptation that occurred in the FFA (and in other regions of ventral cortex) in each group. Only adults exhibited the strong attenuation in the BOLD signal during blocks of identical compared to different faces in the right and left FFA, reflecting a strong role for each region in representing individual faces. Adolescents only exhibited this pattern in the left FFA and children showed no adaptation whatsoever (see Fig. 5 ). These results suggest that the nature of the representations being computed in these regions is still developing long into adolescence.
Beyond the core regions, adolescence is a critical time for the functional development of the extended face-processing regions, and, particularly, the amygdala. Researchers investigating developmental changes in the neural basis of emotion expression processing overwhelmingly use fearful faces as stimuli in passive viewing tasks, Fig. 5 . Results from an fMRI-adaptation study in which children, adolescents, and adults observed images of different and identical faces and houses. Only adults exhibited bilateral adaptation for faces and not houses in the individually defined fusiform face selective regions. Adolescents only exhibited this adult-like pattern in the left fusiform and children failed to exhibit significant face-selective adaptation in either the right or the left fusiform gryus. These findings indicate that even though this core face processing region is exhibiting some degree of functional maturity in adolescence, the nature of the representations being computed in these regions is still developing into adulthood. Taken from Scherf et al. (2011). which are particularly effective at activating the amygdala in adults (Morris et al., 1998; Whalen et al., 1998) . In these studies, researchers have described a u-shaped pattern of functional development in the amygdala with increasing activation through adolescence (Baird et al., 1999; Hare et al., 2008) and an age-related decline in activation from adolescence to adulthood (Guyer et al., 2008; Monk et al., 2003) . There is also evidence of a qualitative shift in amygdala function from late childhood to adulthood in amygdala function such that children show greater activation to neutral faces and adults show enhanced activation to fearful faces (Thomas et al., 2001) .
There are also a small number of studies indicating that there are impressive, quantitative as well as qualitative changes within the extended face-processing regions in adolescence 3 . For example, Somerville et al. (2010) tested children, adolescents, and adults in a go/no-go task with happy and calm faces. They found a linear increase in impulse control (i.e., ability to withhold responses on nogo trails) to the calm faces across the three age groups, which correlated with prefrontal activation. However, they reported a nonlinear reduction in impulse control in the 3 There is extensive work evaluating developmental changes in the functional properties of regions within the emotion/affective and person knowledge/cognitive-regulatory nodes of the SIPN model. However, the overwhelming majority of this work does not employ faces as stimuli. As a result, reviewing this evidence is beyond the scope of this paper. Importantly, this work is largely consistent with the findings we report from studies using faces as stimuli (see Burnett et al., 2011). adolescents in response to the happy faces, which was coupled with a relative increase in activation of the ventral striatum.
Changes in functional connectivity between regions in face processing network in adolescence
There are a handful of cutting-edge fMRI studies that are beginning to evaluate developmental differences in the functional connectivity among regions implicated in face processing. Only one study to date has evaluated the functional connectivity among the set of core face processing regions (i.e., OFA, FFA, STS). Cohen Kadosh and colleagues (2011) used dynamic causal modeling to evaluate the directional flow of functional connectivity among the three core face processing regions as children (7-8 years of age), young adolescents (10-11 years of age), and young adults (25 years of age) completed target detection tasks. The authors reported that the basic patterns of connectivity among these three regions was similar across all three age groups (i.e., two separate pathways from OFA to FFA and OFA to STS); however, the connectivity between OFA and FFA was weaker in the two younger groups and was virtually non-existent between the OFA and STS in the youngest group. Most importantly, there was no modulation of the connectivity among these regions by the task demands in either of the developmental groups. Adults were the only group to show enhanced connectivity between the OFA and FG during a face identity target detection task, and enhanced connectivity between the OFA and STS during the emotional expression target detection task. The authors interpreted their findings to suggest that the functional connections within the core face-processing network are limited by the continued development of the specialization within each of these regions, which is consistent with the findings of Scherf et al. (2011) . These findings indicate that the functional coordination among the core face processing regions is still emerging in early adolescence.
The majority of the functional connectivity studies have evaluated connectivity within the extended face processing regions/affective node of social information processing. In a study evaluating individual differences in amygdala function in adolescents with bi-polar disorder, Rich et al. (2008) investigated the functional connectivity between the amygdala and the fusiform gyrus as participants viewed fearful faces. They reported reduced functional connectivity between the left amygdala and right fusiform in adolescents with biopolar disorder compared to age-matched controls. Since this study compared differences within age-matched groups, it cannot speak to age-related changes in such functional connectivity per se. However, Guyer and colleagues compared the extent of functional connectivity between the amygdala and hippocampus in typically developing adolescents and adults during viewing of fearful faces (Guyer et al., 2008) . They reported decreased connectivity between these regions in the adolescents compared to the adults. Although the hippocampus is not traditionally considered a critical component of the face-processing network, the authors argued that stronger amygdala-hippocampal connectivity in adults might reflect maturation in learning or habituation to facial expressions. Finally, Hare et al. (2008) reported reduced functional connectivity between the amygdala and the ventral prefrontal cortex in adolescents, particularly those with higher anxiety, than children and adults during and emotional expression go/no-go task (Liang et al., 2010) . These findings indicate that functional connectivity supporting face processing, especially with the amygdala, may be weak, changing, and even vulnerable in adolescence. This is especially interesting in light of the findings in adults that the amygdala is largely implicated in supporting the very social components of face processing (Winston et al., 2007; Baron et al., 2010; Liang et al., 2010) that we suggest are emerging in adolescence as a result of new developmental tasks.
To summarize, the existing evidence suggests that neither the core nor the extended (to the extent that they have been evaluated) face-processing regions in the ventral temporal lobe are entirely functionally mature by adolescence. The extended regions, particularly the amygdala, exhibit prolonged development into early adulthood. Although there is very little connectivity evidence to draw upon, it seems likely that the functional relation between the core and extended regions is changing dramatically in adolescence, particularly as a function of the particular task demands (e.g., face versus expression identification). All of these findings lend support to our hypotheses that there is a functional re-organization among regions supporting face processing in adolescence. However, unlike in the work on structural development of these regions, there is no data to reflect on the relative influence of pubertal hormones on this process of functional re-organization and maturation of regions in the face processing (and SIPN) networks.
Putting the plan into action: studying unique interactions between pubertal, brain and behavioral development in adolescence
To review, we have argued for the following hypotheses and include a brief summary of the existing data that support the hypotheses:
(1) The surge of steroidal hormones during the onset of puberty is likely to influence motivation to master adolescent-specific developmental tasks, which will, in turn, instigate the emergence of new social/affective components of face processing, including, attributions and preferences for attractiveness in faces as well as biases in recognition memory for peer, or own-age, faces.
• Sensitivity to the dimensions of facial attractiveness increases during adolescence and with more advanced pubertal status, particularly in boys.
• The own-age bias in preadolescent children is much less robust than in adults, and, unfortunately, there are no data tracking the developmental progression of such a bias across adolescence or attempting to relate this bias to pubertal development. (2) The increased computational demands of these additional components of face processing will require a re-organization within the existing face-processing system, which will be manifest as a disruption in existing face processing abilities, like identity recognition and emotional expression recognition.
• Both emotional expression recognition and identity recognition abilities develop long into adolescence.
• The developmental trajectory of face expression and identity recognition abilities appears to be temporarily disrupted during adolescence, especially during puberty. (3) Pubertal hormones have a fundamental impact on the re-organization of neural circuitry supporting face processing.
• Neither the core nor the extended face-processing regions in the ventral temporal lobe are entirely functionally mature by adolescence.
• Although there is very little connectivity evidence to draw upon, it seems likely that the functional relation between the core and extended regions is changing dramatically in adolescence, particularly as a function of the particular task demands (e.g., face versus expression identification).
• There are no studies investigating the relation between pubertal development and development of the functional connections between regions supporting face processing, and social information processing more generally.
Given that there is little to no existing direct evidence to reflect on the viability of our hypothesis about pubertal hormones and the shift in functional and effective connectivity between the extended and core regions of the face-processing network (detection and affective nodes in the SIPN), we would like to suggest a number of experimental paradigms and potential findings that could specifically evaluate our hypotheses.
We argue that the functional properties of the network will change by leveraging stronger inputs from the affective and cognitive regulatory (i.e., prefrontal) regions. For example, in adults, the amygdala is reportedly involved in sensing the value of social stimuli, and has been specifically implicated in evaluating the reward value of faces (as indexed by facial attractiveness; Winston et al., 2007) . We predict that, during adolescence, stronger inputs from affective regions (e.g., amygdala) that support new social components of face processing (e.g., ratings of attractiveness, trustworthiness, status) may disrupt the existing coordination among visuoperceptual and cognitive components that support other more perceptual and cognitive aspects of face processing like identity recognition. This would be reflected in changes in the functional coupling of the patterns of activation between these regions during more social versus cognitive components of face processing.
Furthermore, we suggest that the amygdala is an ideal region upon which to focus our hypotheses about the emergence of new social components of face processing during adolescence and changes in the neural networks supporting these new abilities. As described previously, the amygdala is rich with estrogen and androgen receptors and exhibits sexual dimorphism in its structural development. Also, the functional profile of the amygdala and its functional connections to other social-information processing regions is changing dramatically during adolescence (e.g., Killgore and Yurgelun-Todd, 2010; Vasa et al., 2011) and in a sexually dimorphic way (Zuo et al., 2010) . For example, sex differences in amygdala responses to fearful and threatening faces begin to emerge in the transition from adolescence to adulthood (Killgore et al., 2001; McClure et al., 2004) . Importantly, in adults, activation in the amygdala is positively associated with the very social dimensions of face processing that we predict emerge in adolescence, such as competence ratings, as well as with objective real-world measures of social competence (Rule et al., 2011) .
These findings are especially interesting in light of the evidence that the amygdala is part of a sub-cortical system that receives rapid (<100 ms) low-spatial-frequency information about faces (and potentially other visual objects) that is sufficient to develop a course or "quick and dirty" representation of a face and that can modulate face processing in the fusiform gyrus through direct feedback connections (Vuilleumier and Pourtois, 2007) . Evaluating whether and how adolescent-specific developmental changes in amygdala function influence other parts of the face-processing network (e.g., the fusiform gyrus, OFA, and STS) may provide a unique opportunity to evaluate whether and how functional re-organization among regions in the distributed face processing network is accomplished as new components of face processing come online in adolescence.
One specific prediction is that there may be a dramatic change in the nature of the face-related computations and feedback provided by the amygdala to the fusiform gyrus during adolescence. This potentially new or enhanced kind of input to the fusiform from the amygdala could modulate the nature of the computations in the fusiform as well, resulting in a snowball effect that alters the functioning of the entire face-processing network. Future studies investigating modulations in the functional connectivity between the amygdala and fusiform gyrus as children, adolescents, and adults view faces that vary with respect to emotional expression and/or any of the social dimensions we have discussed (e.g., attractiveness, trustworthiness) may help characterize adolescent-specific re-organizations in brain networks that support more sophisticated socialinformation processing. Additionally, tracking hormonal changes separately from age-related changes in these kinds of studies will facilitate a better understanding of the functional consequences of pubertal hormones on the functional re-organization of these neural networks.
This approach may also be particularly useful for understanding how adolescence may be a period of vulnerability in brain development, particularly with respect to key aspects of social cognitive development. In particular, we envision that a natural disruption in the dynamics of the face-processing network is required to allow for the re-organization that we are predicting, and this natural disruption may provide a unique opportunity for an atypical re-organization to emerge.
To explain this prediction, we draw upon the notion of self-organized learning as explained in many neural network models (see Johnson and Munakata, 2005; Munakata and McClelland, 2003) . Self-organized learning is a process of forming representations that capture important aspects of environmental structure and that occurs based on patterns of simultaneous activation among processing units. Self-organized learning has been modeled extensively with connectionist neural networks that learn a set of real-valued weights on connections among neuronlike processing units, which support the generation of appropriate, context-sensitive, conditional expectations (see McClelland et al., 2010; Munakata and McClelland, 2003) . Learning and development in these models are driven by experience and occur through small, non-linear changes in the connection weights. Importantly, processing in connectionist models is highly interactive, which, under many conditions, leads them to settle to attractor states, or states in which the connection weights are very stable and resistant to change. These attractor states provide for fast, efficient, and accurate performance as long as the inputs/environmental structure stay the same. However, when the environmental structure changes, learning can only proceed once the attractor state is disrupted. As a result, there is a period of network instability until the connection weights are re-established to accommodate the new inputs.
Using this model, we suggest that the functional reorganization of brain circuitry that is instigated by the new demands on face processing in adolescence may require a period of instability in the functional relationships among component regions in the neural network supporting face processing behavior. In other words, the stability of existing connections/interactions among nodes in this neural network may need to be disrupted, perhaps even substantially, so as to allow for new interactions to be established that accommodate new task demands. During this period of instability, individual differences in the magnitude of inputs, particularly from affective and regulatory regions, may have a profound effect in the formation of new functional interactions within the network. Furthermore, a period of instability may provide a context for laying down atypical interactions between nodes, as appears to be the case in individuals with anxiety disorder who exhibit atypical interactions between the amygdala and prefrontal regulatory regions (e.g., Campbell-Sills et al., 2011) . Identifying potential periods of instability in network interactions and understanding whether these periods provide a context for abnormal functional organization of these networks could have a profound impact on our understanding of the development of many socialemotional problems and domains of problem behaviors (e.g., substance abuse and risk taking) that emerge in adolescence.
Finally, this kind of work might lead to prevention and intervention strategies that facilitate more adaptive functional interactions between regions within the broader social information-processing network. For example, many of our predictions focus on the increased affective inputs to the face-processing system, particularly from the amygdala, during adolescence. Importantly, many of the social-emotional problems that tend to emerge in adolescence (i.e., depression, anxiety disorders, bipolar disorder) have measurable impact in the functional and structural profile of the amygdalae and its connections with other regions (e.g., Blair et al., 2011; Cullen et al., 2010; Monk et al., 2008a Monk et al., , 2008b . However, none of this work, to our knowledge, has systematically evaluated the potential role of pubertal hormones in either instigating these social-emotional problems or in modulating functional interactions between the amygdala and other regions of the SIPN or face-processing networks. Findings from the program of research that we are proposing may help understand whether medication interventions to alter the timing of puberty could be useful for individuals at risk for developing these social-emotional disorders during adolescence. Perhaps an even more fruitful translational approach of this work will be in the form of behavioral interventions that are designed to influence the strength of particular functional pathways between nodes of the face-processing network. For example, atypical amygdala functioning might be avoided or minimized by enhancing the functional connections between the amygdala and the cognitive-regulatory/prefrontal regions, particularly in adolescents at risk for developing social-emotional disorders. Thus, a deeper and more mechanistic understanding of adolescent-specific interactions between pubertal, brain, and behavioral development may provide insights into the timing and targets for learning experiences or behavioral therapies that could alter the trajectories of these interactions.
Important considerations for investigating adolescent-specific interactions between pubertal, brain, and behavioral development
Going forward with this approach will require a keen sensitivity to several issues, including the need to evaluate the effects of sex steroids and/or pubertal status independently from chronological age. This is an important concern for two reasons. First, the correlation between age and pubertal status differs between males and females; such that females tend to be at more advanced stages of pubertal status at a younger age than are males. In other words, age-matched boys and girls may be at very different stages of pubertal development. Second, there are likely to be age-related changes in brain (and behavioral) development that are independent from and occurring in parallel with puberty-related changes.
Only one study, to our knowledge, has attempted to dissociate age-and puberty-related changes in brain development. Bramen et al. (2011) matched adolescents in a very limited age range (boys range 11.7-14.0 years and girls range 10.8-13.5 years) on pubertal status and evaluated whether sex-differences in the volumetric measurements in the medial temporal lobe (amygdala, hippocampus), thalamus, and basal ganglia are driven by sex differences in puberty-related maturation. The authors reported that sex differences in the right hippocampus, bilateral amygdala, and cortical grey matter were greater in more sexually mature adolescents, with volumes rising in boys and declining in girls when evaluated as a function of sexual maturity. Interestingly, there were no such age-independent, puberty-related changes in the caudate nuclei. This important set of findings illustrates (1) evidence that there are puberty-specific, age-independent effects on the structural development of regions strongly implicated in social-information and face processing in human adolescents, and (2) that puberty and age-related effects on structural brain development are dissociable and need to be considered independently.
A second relevant issue will be to compare the developmental trajectories of these dynamic interactions between hormonal, brain, and behavioral development under a variety of task and stimulus conditions. Our hypotheses are specific to emerging social/affective components of face processing in adolescence and the resulting modulation of functional connectivity among neural regions supporting face processing. Recall, we predict that there are disruptions to existing visuoperceptual/cognitive components of face processing as the nature of the underlying representations change to accommodate the emerging social/affective components of face processing. As a result, it will be essential to evaluate the profile of functional connections and the potential influence of pubertal hormones on these connections as adolescents engage in tasks that emphasize either the visuoperceptual, cognitive, affective or social components of face processing separately. It will be important to evaluate these connectivity profiles as independently as possible given that we predict vastly different developmental trajectories (e.g., disruption or plateau versus some function of increasing refinement) for the visuoperceptual/cognitive versus social/affective components of face processing in adolescence.
A related issue is the need to evaluate the profile of functional connections and the potential influence of pubertal hormones on these connections for other classes of visual stimuli, in addition to faces. We argue that faces are the preeminent social stimulus and that the developmental tasks of adolescence that induce new components of social information processing are fundamentally social and affective in nature. Therefore, it will be important to establish that these same adolescent-specific changes in face processing are not evident for the processing of non-social visual stimuli, including those that require similar visuoperceptual and/or cognitive processing strategies (e.g., configural processing).
A third important issue will be to consider whether and how these dynamic interactions between hormonal, brain, and behavioral development may unfold differently in adolescents developing a sexual minority identity. This is especially important in light of findings of differences in the magnitude of sexual dimorphisms in the structure, function, and functional connectivity of particular brain regions in heterosexual and homosexual men and women. For example, there are large-scale differences in the asymmetry of hemispheric volumes such that heterosexual men and homosexual women exhibit larger right hemisphere volumes, whereas the hemispheric volumes are symmetrical in homosexual men and heterosexual women (Savic and Lindström, 2008) . Of particular relevance for the current paper, the functional connections from the amygdala, as measured during resting state, are differentially organized depending on sexual orientation (Savic and Lindström, 2008) . Finally, one study addressed the impact of sexual preference on facial attractiveness ratings and profiles of neural activation. Kranz and Ishai (2006) reported that regardless of gender or sexual orientation, homosexual and heterosexual men and women rated the attractiveness of male and female faces similarly. Furthermore, similar patterns of activation were found in all participants in response to both male and female faces in core face processing regions (bilateral FFA, OFA, and STS), limbic regions (bilateral amygdala, caudate nuclei), and prefrontal regions (bilateral inferior frontal gyrus, orbitofrontal cortex). However, they also reported an interaction between the gender of the stimulus faces and the sexual preference of the participants in both the thalamus and the orbitofrontal cortex. They concluded that these findings suggest that sexual preference can modulate face-related activation, particularly in the reward circuitry. Together, these findings indicate that sexual orientation and gender will be important factors to consider in a program of research investigating developmental interactions between hormones, neural circuitry, and behavior in adolescence. Unfortunately, none of the existing work has been conducted in adolescents, which makes it very difficult to speculate about how the developmental trajectories and/or interactions between hormones, neural circuitry, and behavior will differ or not for adolescents developing with a minority sexual identity.
Conclusions
To summarize, a primary goal of understanding adolescence as a unique developmental period of brain reorganization must include investigations of the influence of puberty-specific aspects of neurobehavioral development. We suggest that the surge of gonadal hormones in adolescence has a profound impact on the development of face processing behaviors (i.e., new social components of face processing) and underlying brain circuitry. Future studies investigating developmental changes in identity recognition, own-age bias, emotional expression categorization and recognition, and social components of face processing that include measures of pubertal status via Tanner staging and/or hormonal assay will have a unique opportunity to evaluate whether and how the onset of gonadal hormones fundamentally influences reorganization in the dynamics of widely distributed cortical networks and brain-behavior relations that are specific to adolescence. Such studies could also provide a template for understanding sexual dimorphisms in functional and structural brain development and its relation to behavioral development. Given the strong asymmetries in the distribution of sex in disorders of social information processing (e.g., autism and ADHD exhibit high male:female ratios but anxiety and depression exhibit low male:female ratios), it will be essential to have a model in which to evaluate sexual dimorphisms in typical brain and behavioral development so as to understand vulnerabilities in these potentially sexually dimorphic developmental trajectories. Finally, this approach may provide critical information about how hormone-dependent and age-related/hormone-independent processes contribute separately to developmental changes in social-information processing that make adolescence a unique and potentially vulnerable period of development for social and emotional learning, in ways that can be targeted for early intervention/prevention.
